We employ molecular-dynamics (MD) simulations to study grain boundary (GB) premelting in ices confined in two-dimensional hydrophobic nano-channels. Premelting transitions are observed in symmetric tilt GBs in monolayer ices and involves the formation of a premelting band of liquid phase water with a width that grows logarithmically as the melting temperature is approached from below, consistent with the existing theory of GB premelting. Based on current MD simulations, one may expect GB premelting transitions exist over a wide range of low dimensional phases of confined ice and shows important consequences for crystal growth of low dimensional ices. *
Premelting -refers to the formation of a thermodynamically stable liquid film at solid interfaces at temperatures below but near the bulk melting temperature T m . 1 The premelting transitions occur in all types of solids, they stand out in the case of ice, because of their association with terrestrial life and the importance of their environmental effects. 2 Studies of premelting at ice surfaces have been carried out with a wide variety of modern experimental and molecular-level modeling techniques (see in Ref. [2 and 3] and references therein), these studies have demonstrated the rich nature and complexity of the ice surface premelting behaviors, which covers a span from quasi-liquid bilayer-by-bilayer melting process 4,5 to complete, 6 incomplete premelting 7 and a first-order phase transition between two distinct premelting states, 8 depending on temperature, surface crystallographic orientation and even atmospheric environment.
In comparison to surface premelting, complexity mentioned above is only the beginning to be explored for grain boundary (GB) premelting of ices, as more bicrystallography parameters (symmetry, misorientation, and boundary plane) are introduced. It is well known that GB premelting of ice may play a vital role in a variety of processes of geophysical, geological and atmospheric interest. 2 However, the challenges inherent in characterizing the structure of "buried" internal GBs have significantly limited the number of direct experimental studies, 9 and have resulted in a situation that GB premelting is one of most important yet the least studied aspects of ice. During the last decade, GB premelting of pure metals and binary alloys, have been the subject of continuum modeling studies [10] [11] [12] [13] [14] [15] and atomistic simulations studies, [16] [17] [18] [19] [20] [21] [22] which led to insights into the nature of the thermodynamic driving forces of the GB premelting as a function of GB bicrystallography. In the meantime, advances in the modeling and simulation of ice GB premelting remain scarce.
23,24
The present study is also motivated by a recent high-resolution electron microscopy study by Algara-Siller et al. 25 In their study, the two dimensional (2D) GBs between the crystallites of monolayer ice which adopts unexpected simple square lattice, inside the hydrophobic bigraphene nano-capillaries, were directly observed. Although no sign of GB melting was found within specific setup in the experiments, their observations still provide a compelling brand-new perspective for the exploration of GB premelting of ices.
2
In this communication, we report molecular-dynamics (MD) simulation results on a simple symmetric tilt GB of monolayer ices confined in 2D hydrophobic nano-channels that predict the existence of premelting transition at such low dimensional ice GB. In this process, a premelting liquid band forms at the GB between two confined monolayer ice crystallites below T m of their 2D "bulk" phase. To the best of our knowledge, GB premelting has not been previously reported within the 2D or semi-2D confined ices, either by experimentally or by simulation. As we will demonstrate, the width of the premelting band depends logarithmically on the undercooling, indicating the process of this specific 2D GB premelting system is repulsive. As a consequence, it is expected that this lower dimensional GB premelting phenomena could potentially serve as a testing ground to gain molecular-level insights for understanding the complicated GB premelting of 3D bulk ices.
GB premelting occurs near T m when γ GB (interfacial free energy of a dry GB) is larger than 2γ SL (twice the solid-liquid interfacial free energy), ∆γ = γ GB − 2γ SL > 0. Therefore, if the undercooling (∆T = T m − T ) is not too great, it is thermodynamically favorable to form a thin film of metastable liquid because the increase in bulk free energy is more than compensated by a lowering of the total interfacial free energy. The width of the interface as a function of undercooling depends on ∆γ and ∆T , as well as the nature of the interaction between the two solid-liquid interfaces bounding the premelted layer, i.e., so-called "disjoining potential". Nearly 40 years ago, Kikuchi and Cahn 26 predicted a logarithmic dependence of the average width of the premelting layer with respect to the undercooling on GB premelting,
where w 0 and T 0 are constants specific to the given GB. Central to the derivation of Eq. 1 is the assumption that the disjoining potential is exponential and repulsive, which arises from short-ranged structural interactions associated with the overlap of the density waves in the diffuse regions of the solid-liquid interfaces, φ(w) = ∆γe −w/w 0 , where w 0 is the decay length of the disjoining potential. The quantity T 0 in Eq. 1 is given by T 0 = ∆γT m /w 0 ρL, where ρ is the number density of the pre-melt and L is the latent heat. Note that, for systems with long-range dispersion forces, such as the 3D ice, the logarithmic divergence of the width does not strictly hold in the limit that T → T m , but must give way to either a power-law divergence or a finite threshold (incomplete premelting). 2 However, the observed premelting widths in the current study as shown below do not exceed a couple of lattice constants, and short-ranged structural forces are expected to be dominant over long-range dispersion.
To model confined monolayer ice, we follow part of the simulation setup by Algara-Siller et al. in which a hydrophobic nano-channel consist of two walls under a fixed separation of 6.5Åwas employed to accommodate monolayer ice. 25 In their study, simulation results for monolayer ice showed little dependence on water models, i.e., SPC/E and TIP4P/2005, so we choose to employ only SPC/E in our simulations. Besides, to mimic the squeezing effect on the encapsulated water molecules due to the adhesion (van der Waals) force between the encapsulating walls, we apply a lateral pressure of 0.5GPa as they did to the confined ice. The water-wall interaction is modeled using a simple pairwise potential, 32 in which the parameters were chosen as in Ref. 33 . Under these confinement parameters, we have previously reported (from MD) the phase transition between the monolayer ice and corresponding liquid phase is first-order, and a precise melting point (T m =402.5K) determined from a delicate crystal-melt phase coexistence simulation. The MD simulations are performed using LAMMPS. 35 The long-range interactions are computed using the particle-particle-particle-mesh (PPPM) algorithm. Periodic boundary conditions are applied in x and y, while in z empty volume between simulation boxes are 4 inserted to remove the inter-box interactions. 34 By tilting two periodic square ice lattice and merging them, an initial configuration containing a pair of symmetric tilt GBs with misorientation angle θ = 30 o is created to perfectly fit the xy periodic cell, as illustrated in the schematic diagram in Fig. 1 . We use xy cell dimension (L x × L y ) of approximately 750Å×46Å, containing around 13,000 water molecules.
Equilibrated GB interfaces are set up at varying temperatures T ranging from 360 to 400 K, separated by 10 K. To produce the equilibrated GBs, constant-area, constant-normalpressure MD (N P x AT ) simulations up to 10 ns in length are used to yield the appropriate equilibrium number density and pressure (0.5GPa). These are followed by constant N V T simulations (5ns) to collect production data. Time step of 1.0 fs is used. Eight replica systems (each containing two independent interfaces) are used at each temperature and orientation to improve statistics. Temperature and pressure (including three tensor components) profiles, which show the variation of temperature and pressure along the x-axis, were examined for all simulations to confirm the absence of temperature gradients and bulk stress.
The equilibrium GBs are characterized through the determination of density map which shows the change in areal density as functions of the x and y direction. We utilize orderparameter (OP) profiles, which uses a local structure OP that distinguishes 2D ice from water phase, 36 to determine the extent of the premelting region for each single MD trajectory. The instantaneous GB width, w t is defined as the half value distance at the profile, see in Fig. 2. Then the equilibrium premelting width w is calculated by averaging all w t over time. tilt GB in metal Ni under large undercooling. To further verify the liquid nature of the premelting region, we examine both the local structure and the transport of the water molecules within the premelting band. The local structure (radial distribution function, RDF) is found to be consistent with that of monolayer bulk liquid under the same temperature, as illustrated in Fig. 3(a) . The transport is characterized through the calculation of diffusion-constant D determined from the meansquared displacement (MSD) of oxygen atoms within premelting band versus time. 28 The dashed line in Fig. 3(b) Contour plots of the time average oxygen density map are shown in Fig. 3(c) and (d) for the GBs at 400K and 360K, respectively. The peaks of the density are seen as red in the plot, which are stronger and more highly localized in both crystalline monolayer ice grains. The density peaks are smaller in magnitude and more diffuse, consistent with the structural disordering of water molecules at premelted GBs. For a relative dry boundary at 360K, density still exhibits oscillatory behavior. Whereas the 400K GB shows the much smaller magnitude of the liquid structural ordering, in which individual dislocations cannot be distinguished, and premelting is found to proceed by the uniform homogeneous band along the boundary rather than by local radial melting. To examine the validity of Eq. 1 for the 2D GB premelting transition in monolayer ice in the nano-channels, we plot the calculated time-averaged width of the premelting band, w, as a function of the undercooling, ∆T = T m − T on a linear-log plot in Fig. 4(a) . Eq. Hoyt and co-workers established a simulation-based methodology to accurately extract φ(w) from analyzing GB width fluctuations. 16 comparative studies employing more realistic water models 29, 30 are warranted.
In conclusion, using MD simulation, we predict the existence of a premelting transition at the symmetric tilt GB (misorientation angle θ = 30 o ) in monolayer ices confined in 2D hydrophobic nano-channel (channel width 6.5Å, under a van der Waals pressure of 0.5GPa),
using SPC/E model of water. The melting point (402.5K) of monolayer ice is approached from below, the interfacial region of the crystalline monolayer ice melts to form a premelting band of liquid water separating the two crystal grains. Although solid-vapor premelting in ices and GB premelting in metals and binary alloys are well established in the literature, premelting of a 2D confined ice GB has not, to our knowledge, been previously reported.
Over the temperature range from 360K to 400K, the width of the premelting band is shown to depend logarithmically on the undercooling, as predicted by theoretical considerations in which the disjoining potential between the two solid-liquid interfaces is repulsive. It is highly probable that the GB premelting exists over a wide range of 2D or semi-2D confined ice phases and figures prominently in the grain coalescence, sintering, coarsening, transport behavior and many other important properties (like dielectric property 31 ) of the confined ice crystallites.
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